Introduction
This white paper concerns the physics of weakly collisional, high-β plasmas -plasmas in which the thermal pressure P dominates over the magnetic pressure (β ≡ 8πP/B 2 1, where B is the magnetic-field strength), and in which the inter-particle collision time is comparable to the characteristic timescales of bulk motions. This state of matter, although widespread in the Universe, remains poorly understood: we lack a predictive theory for how it responds to perturbations, how it transports momentum and energy, and how it generates and amplifies magnetic fields. Such topics are foundational to the scientific study of plasmas, and are of intrinsic interest to those who regard plasma physics as a fundamental physics discipline. But these topics are also of extrinsic interest: addressing them directly informs upon our understanding of a wide variety of space and astrophysical systems, including accretion flows around supermassive black holes, the intracluster medium (ICM) between galaxies in clusters, and regions of the near-Earth solar wind.
An intriguing aspect of this state of matter concerns the relevance of the magnetic field, whichalthough energetically subdominant -influences the transport properties of the plasma by imparting directionality and new degrees of freedom to the system, thereby influencing the large-scale dynamics. This causes fundamental differences between the dynamics of such plasmas and those of neutral gases, even in the limit of negligibly weak magnetic fields (β 1). Here we outline major scientific gaps in our understanding and the progress that is being made towards addressing them. After a brief description of some theoretical difficulties involved, we outline key application areas that are ripe for enhancing cross-disciplinary research opportunities between plasma physics and astrophysics. Following on this, we discuss recent progress in the field on a number of different fronts, providing guidance on how research priorities can be addressed over the next decade.
Theory: pressure anisotropy and kinetic instabilities. A unique feature of weakly collisional, magnetized plasmas when β 1 is their propensity to become unstable to kinetic gyroscale instabilities ("microinstabilities"). This stems from the near conservation of single-particle adiabatic invariants, most notably the magnetic moment µ ∝ v 2 ⊥ /B, where v ⊥ is the particle's perpendicular velocity. An increase/decrease in B causes a commensurate increase/decrease in thermal pressure, but only in the direction perpendicular to the magnetic field. This pulls the plasma out of local thermodynamic equilibrium. Microinstabilities are excited if the magnitude of the pressure anisotropy ∆p ≡ p ⊥ − p , where p ⊥ (p ) is the perpendicular (parallel) thermal pressure, exceeds ∼B 2 /4π. Large field-aligned heat fluxes driven by temperature gradients can also drive such instabilities. At high β, this can occur for very small (order ∼β −1 ) fluctuations, implying that even modest-amplitude, large-scale motions can destabilize the plasma on microscopic scales. 26, 29 In many astrophysical plasmas, these scales (e.g., the ion gyroscale) are far smaller than the system size (see Table 1 ), implying that these instabilities grow and saturate effectively instantaneously compared to the timescales of large-scale motions. Thus, we have a fluid whose properties are determined by the complicated nonlinear saturation of kinetic instabilities, which can provide an effective collisionality, influence heat fluxes, and modify the particle distribution function in complicated ways. This interaction between fluid and kinetic processes is summarized in Fig. 1 .
While our understanding of this interaction has progressed significantly in recent years, this field of study remains in its infancy. And while computational methods can be used to study some problems in isolation, they remain too computationally expensive for direct application to many astrophysical problems of interest. We lack a set of simple fluid-like equations that captures the effects described above, a shortcoming that is impeding progress on multiple scientific frontiers. Fig. 1 . A diagram summarizing the difficulties involved in formulating a theory for the large-scale ("fluid") dynamics of weakly collisional, high-β plasmas. Bulk changes in the plasma parameters (e.g., in B) cause the smooth field of a macro-scale motion (left) to spontaneously erupt into gyroscale kinetic instabilities (right). These instabilities then modify the material properties of the plasma, feeding back on the large-scale fields and modifying the motions that caused them in the first place.
Application areas
Here we outline key topics in astrophysics and space physics for which a better understanding of weakly collisional, high-β plasmas is needed for theoretical progress. These topics offer many cross-disciplinary opportunities where basic plasma physics can have a transformative impact.
Magnetogenesis and dynamo. The origin and evolution of cosmic magnetism remains one of the most important outstanding questions of cosmology and astrophysics 18 : How were the first fields generated? Can plasma processes account for the strength and structure of the observed fields today? Answering these questions requires understanding both magnetogenesis -how magnetic fields came about in the first place -and dynamo, how fields are amplified and sustained by plasma motions. Hot, weakly collisional plasmas are thought to be key sites of cosmic magnetogenesis, suggesting that the themes presented above -the relevance of field direction and the impact of kinetic instabilities -play key roles in the origin of dynamically important magnetic fields. However, most theoretical work has employed the magnetohydrodynamic (MHD) model 5, 25 , often further assuming that fields grow without back-reacting on the plasma motions (the "kinematic" approximation). Although recent studies 24, 31 have started to explore dynamos affected by kinetic physics, our understanding of weakly collisional dynamos remains severely limited, representing a major gap in basic plasma-physics theory -one which simultaneously touches on topics in kinetic turbulence, collisionless reconnection, non-thermal particle acceleration and diffusion, anomalous viscosity and resistivity, etc. Similarly, while we know of plasma processes and instabilities that create magnetic fields 13 , most saturate with weak, tangled fields, and it remains unclear whether such fields were the seeds of those we observe today. We note that "cosmic magnetism" is one of five key science drivers of the upcoming Square Kilometer Array mega-project.
The intracluster medium (ICM). The ICM is a hot, diffuse, X-ray-emitting plasma that resides in the deep gravitational potential well of galaxy clusters. 21 With measured B ∼ 1 µG and kpc-scale mean-free paths, the ICM provides a classic example of a weakly collisional, high-β plasma. 8, 26 A fundamental, unanswered question in cluster physics is the "cooling-flow" problem, which concerns how the cores of clusters are thermally regulated in the presence of otherwise fast cooling through X-ray emission. 10 Plasma physics likely plays a fundamental role in answering this question: thermal transport (e.g., conduction 20 , convection 2, 23 ) and heating (e.g., from active galactic nuclei 32 ) are dependent upon how large-scale plasma properties are influenced by kinetic plasma instabilities. While the baryonic content of clusters is dominated by the ICM, ∼1/3 of clusters also exhibit diffuse non-thermal emission ("radio halos") from relativistic electrons in ∼µG intr- Table 1 : Representative order-of-magnitude parameters for the example astrophysical application areas discussed in the text. Here, n is the number density, T is the temperature, B is the magnetic-field strength, L is a macroscopic scale, ρ i is the ion gyroradius (the largest plasma micro-scale at high β), and λ mfp is the Coulomb mean-free path. Note the enormous disparity between ρ i and λ mfp ∼ L.
acluster magnetic fields. 11 The origin of radio halos is a puzzle, as the short radiative lifetime of the emitting electrons implies their continuous in situ production or (re-)acceleration (e.g., by turbulence). 6 Evaluating which mechanism is dominant requires a theory for how effectively cosmic rays are confined by self-induced streaming instabilities 17 and other high-β plasma processes.
Black-hole accretion flows. The theory of black-hole accretion is central to many areas of theoretical, computational, and observational astronomy. Not only does accretion power some of the phenomenologically richest electromagnetic sources in the Universe 3 , the flows themselves are excellent laboratories for the study of plasma dynamics and general relativity (GR). Recently, the influence of strong-field GR on black-hole accretion has seen increased attention, with computational efforts to connect the properties of simulated accretion flows in curved spacetime with mm/sub-mm emission observed by the Event Horizon Telescope. These calculations rely upon ad hoc assumptions about the nature of the accreting plasma, opening an opportunity for those with a knowledge of plasma physics to elucidate the complex interplay between micro-scale plasma processes, meso-scale dynamics (e.g., magnetorotational turbulence), and macro-scale evolution (e.g., mass accretion, dynamo, particle acceleration). 19 Indeed, a key discriminating factor amongst theories of low-luminosity accretion onto the ∼10 6 M black hole at our Galactic center, Sgr A * , is the ratio of ion-to-electron heating. 22 This is an enduring unanswered question in basic plasma physics, complicated by the 10 6 separation between the Schwarzschild radius and the ion gyroscale.
The solar wind. The solar wind is a nearly collisionless plasma of fundamental importance to the Sun-Earth connection. With β ∼ 1 on average, it is not as firmly in the high-β regime as the aforementioned astrophysical plasmas. 7 Nonetheless, the solar wind plasma is inhomogeneous, with localized regions at β 1 where the plasma-kinetic effects discussed above are thought to be fundamental to large-scale plasma dynamics. Indeed, a wide range of dynamically important pressure anisotropies are present in the solar wind, and their extent has been measured to be well constrained by kinetic microinstability thresholds. 4, 14 Thus, as well as being influenced by weakly collisional, high-β processes, the solar wind is a useful laboratory for studying plasma physics through detailed in situ spacecraft measurements. Such studies can both act as a stringent test of proposed theories and facilitate the discovery of previously unknown plasma processes.
Progress and priorities
In this section, we outline four key areas where progress can be made in understanding the dynamics of weakly collisional, high-β plasmas, concluding with suggestions for fruitful paths forward.
Theory. The dynamics of weakly collisional, high-β plasmas are governed by complex, multiscale interactions between kinetic physics -gyroscale instabilities driven by significant deviations from local thermodynamic equilibrium -and large-scale bulk plasma motions. Understanding this interaction on both phenomenological and quantitative levels presents a fascinating challenge for plasma theory. Such "basic" knowledge is also necessary to create a framework for more practical computational and experimental studies (see below). Key areas for study include: (i) further elucidating the most important linear kinetic instabilities (particularly in the presence of strong heat fluxes and kinetic electrons) 15 ; (ii) understanding how kinetic instabilities interact with other plasma processes, such as reconnection, heat fluxes, and particle acceleration 1, 16, 28 ; and (iii) understanding the interplay between widely separated fluid macro-scales and kinetic micro-scales. Computation. Studies of weakly collisional, high-β plasmas are computationally challenging, requiring massively parallel computing architectures and highly efficient algorithms. Recent computational advances have enabled 6D, kinetic studies of fluid-scale (L ρ i ) collisionless systems (see Fig. 2 for an example). These ab initio approaches, which focus on capturing as much physics as possible, complement the basic theory approaches discussed above: theory suggests methods and techniques for simulation analysis; detailed simulations reveal areas where theory may be lacking. Both hybridkinetic approaches (with fluid electrons) and fully kinetic approaches have seen fruitful application, as have 6D continuum and particle-in-cell (PIC) approaches.
In-situ spacecraft and observations. Our solar system provides an unparalleled laboratory for studying fundamental plasma physics. Access to the high-β regime is afforded by considering specific spatial regions (e.g., the magnetosheath) or by selecting high-β time intervals within larger data sets. New spacecraft (in particular, MMS) are improving kinetic measurements, while the accumulation of statistics from long-running older missions is also highly beneficial. Studies of how microinstabilities regulate non-thermal features of the distribution function will inform theory and its application in other astrophysical contexts. Indeed, the analysis of astronomical observations is becoming increasingly dependent on detailed plasma physics: nextgeneration X-ray telescopes will resolve sub-mean-free-path scales in the ICM, while the Event Horizon Telescope is probing the innermost regions of galactic black-hole accretion flows.
Experiments. There is no substitute for being able to create a plasma, subject it to stirring, differential rotation, or magnetic fields, and measure its response. Unfortunately, the high-β regime is difficult to obtain in the laboratory. Magnetically confined plasmas have β 1 almost by definition, although the high-β regime may be accessible using complex field geometries 12 , helicon sources 27 , or mirror configurations. The difficulty of maintaining ion magnetization when β 1 suggests that electron-scale instabilities may be more easily studied in the near future. 9 By contrast, inertially confined plasmas can easily obtain β 1 but are necessarily transient. Challenges there include producing plasma hot enough to be weakly collisional and diagnosing such short-lived plasmas. 13 What is to be done? In light of these four areas of progress, we recommend the following. First, an urgent goal for theory is to formulate and refine fluid models that are simple enough to solve in complex, astrophysically relevant geometries, and detailed enough to capture the multi-scale interplay between kinetic gyroscale instabilities, bulk fluid motions, magnetic reconnection, cosmicray diffusion, magnetic-field amplification and self-organization, etc. Second, there remain several outstanding algorithmic issues in computation, including a need for stable and accurate methods to reduce particle noise and/or computational expense at high β, and for methods that resolve important electron kinetics without being limited by the speed of light (e.g., implicit PIC). Notably absent in currently available resources are mid-range (∼10-50M CPU-hour) supercomputing allocations, which are necessary for routine computational studies involving kinetic methods. We thus call for increased availability of mid-range supercomputing options. Finally, there remain many interesting possibilities for future experimental studies of high-β plasmas. A program for funding both new university-level plasma experiments and further proposals on existing devices should be prioritized, with accompanying university training of plasma students borne in mind.
